Objective To investigate the early change of cochlear ribbon synapses on inner hair cells in response to aminoglycoside ototoxicity. Methods C57BL/6J mice received intraperitoneal injection of gentamicin (100 mg/kg/day), and the apical coil organ of Corti was examined on the 4th, 7th and 10th day (n=10). Littermates without gentamicin treatment served as controls (n=10). RIBEYE on the presynaptic membrane and AMPA receptors on the postsynaptic membrane were labeled with CtBP2 or GluR2/3 respectively. Three dimension reconstruction was conducted using the 3DS MAX 8.0 software. Results There were no disruptions of outer or inner hair cells in all groups. However, the number of ribbon synapses on cochlear inner hair cells increased significantly within 7 days after gentamicin exposure (P<0.01), followed by a significant decrease after 7 days.Conclusion During the early stage of aminoglycoside ototoxicity, increased population of cochlear ribbon synapses may indicate a significant down-regulation of synaptic function.
Introduction
Currently, aminoglycoside (AG) antibiotics are still responsible for a large proportion of hearing loss, with limited available treatment. In the past decades, various investigations have been conducted to identify the cause of AG-induced deafness, from aspects of morphology, protein expression, gene regulation, and electrophysiological recording. Most of the studies are associated with outer hair cells (OHCs), inner hair cells (IHCs), vascular stria and spiral ganglion neurons (SGNs) in the cochlea. However, an important structure between IHCs and SGNs, called the ochlear ribbon synapses, has not been well examined under the condition of aminoglycoside ototoxicity exposure. The cochlear ribbon synapse is the first afferent synapse on the auditory pathway [1] . Numerous studies have showed that cochlear inner hair cell ribbon synapses play a key role in neurotransmitter release and sound encoding [2] .Therefore, alterations in their number, morphology, structure and function can cause severe sensorineural hearing loss (SNHL). In our study, the C57BL/6J mice were injected with a relative low of gentamicin and changes of the number of ribbon synapses in relation to gentamicin induced deafness were studied..We also evaluated possible gentamicin effects on the plasticity of IHC ribbon synapses. In addition, we analyzed the relationship between ribbon synaptic plasticity and SNHL and the possible pathogenesis of AG-induced deafness in search for new evidence for future prevention and treatment of this type of hearing loss.
Materials and Methods

Materials
Animals
In this study, we chose twenty specific pathogen free (SPF)C57BL/6J mice with normal auditory brainstem re-sponse (ABR) threshold and no middle or inner ear diseases aged at 6 weeks. The mice were randomly divided into four groups (10 cochleae in each group), including one control group (no gentamicin treatment) and 3 experimental groups (studied on the 4th, 7th, or 10th day after gentamicin treatment). The experimental mice were injected once a day a dose of 100 mg/kg intraperitoneally at a particular time point, and sacrificed for the cochlea specimen on the above mentioned post-treatment days. All procedures were in accordance with the animal protocol approved by the Animal Care and Use Committee of PLA General Hospital.
Methods
Auditory-evoked brainstem response analysis
Mice were tested double blindly for ABR thresholds with equipment from Intelligent Hearing Systems (Miami, FL). The smart-EP v2.21 was used to generate specific acoustic stimuli and to amplify, measure, and display the evoked brainstem responses of anesthetized mice (10% chloral hydrate, concentration = 0.0045ml/g body weight). Animals were kept warm with a heating pad in a soundproof shielded room during ABR recordings. Subdermal needle electrodes were inserted at the vertex and ventrolaterally to both ears of anesthetized mice. Specific auditory stimuli (broadband click and pure-tone pips of 1, 2, 4, 8, and 16 kHz), with 20 beats/second recurrence rate, 1024 average superposition times, 20 minutes of scanning time, and 100-3000 Hz of filtering wave bandwidth, were delivered binaurally through plastic tubes in the ear canals. Evoked brainstem responses were amplified and averaged and their wave patterns electronically displayed. Auditory thresholds were obtained for each stimulus by varying the sound pressure level (SPL) at 5-dB steps up and down in order to identify the lowest level at which an ABR pattern could be recognized. ABR thresholds were determined for each stimulus frequency by identifying the lowest intensity producing a reproducible ABR pattern on the computer screen (at least two consistent peaks).
Cochlear Tissue Processing
After ABR testing, the mice were sacrificed by cervical dislocation, the temporal bone was removed after decapitation, and the cochlea was quickly separated.The round and oval windows were opened with a needle, and the cochlea perfused with 4% paraformaldehyde (PFA) solution, then fixed with 4% PFA solution at 4℃ overnight. Next, the specimen was decalcified in a 10 % EDTA solution. The cochlea shell was separated from the basal turn under a dissecting microscope in 0.01 mmol/L PBS solution. The apical turn of the basilar membrane was also separated, and the vestibular membrane and tectorial membrane were removed.
Immunofluorescence Staining
The isolated basilar membrane was put into 0.5% Triton X-100 for 30 mins, and then washed thrice with PBS. The samples were pre-incubated for 2 hrs at room temperature in PBS blocking solution with 5% normal goat serum and 2% BSA. Next, the samples were incubated with a combination of anti-CtBP2 (1:200) and left at 4℃ overnight. After incubation, the samples were washed in PBS three times (15 mins per time), and incubated with the secondary antibody bovine anti-goat IgG FITC (1: 100) at 37℃ away from light for 1 hour. After incubation, the samples were washed in PBS thrice (15 mins per time) and once with distilled water for 15 mins. Approximately 40 μL of DAPI (4′ ,6-diamidino-2-phenylindole; Santa Cruz) was applied to the slide. The basilar membrane was mounted onto a dissecting microscope, and then examined directly under a confocal microscopy.
Confocal Microscopy Imaging
Laser scanning confocal microscopy (Leica TCS SP2 AOBS,Germany) was used to examine the cochlear apical coil with a ×100 oil immersion objective. Excitation wavelength was 488 nm, and sequence scanning was performed using an interval of 1.0 μm. As double-labeling was performed with FITC as secondary antibodies, the fluorescein dots represented signals of ribbon synapses of cochlear inner hair cells [1] .
Three-Dimensional Modeling
The sequence scan files were opened successively from top to bottom using the 3Ds Max 8.0 Software. Since green fluorescence indicated IHC ribbon synapses in this study, the green fluorescence that appeared in each image was first marked by a sphere, and sphere' s size was then adjusted to match the area of green fluorescence. Before marking the fluorescence in the next image, the previously marked image was opened for comparison. In the next image, if the fluorescence appeared at the same location of the previous image, the fluorescence was skipped to avoid repetitive labeling of the same synapse. Then, we obtained the total ribbon synapses of each sequence files. Finally, we used the total number of ribbon synapses divided by the number of IHCs in each sequence files to calculate the average values of ribbon synapses of each IHC in the particular visual field [3] .
Scanning electron microscopy (SEM)
Mice were sacrificed and the cochleae were removed. All cochleae were prefixed in 2.5% glutaraldehyde and then put in 1% OsO4 in 0.1 M PBS (pH 7.40) for 2 h at room temperature. After a thorough rinse in 0.1 M PBS, the specimens were then dissected in 0.1 M PBS to expose the organ of Corti. After dehydration in a graded series of alcohol, specimens were dried in an HCP-2 critical point dryer, and sputter coated with platinum for four minutes in an E-102 ion sputter. The samples were then examined by a JEOL JSM-35C scanning electron microscope (Hitachi 7100, Japan). The images were recorded digitally and photographed.
Statistical Analysis
All data were presented as mean ± SD. Statistical analysis of the quantity of IHC ribbon synapses at different time points was done by one way ANOVA StudentNewmanKeuls test, which was appropriate for determining differences between groups. P values of <0.05 were considered statistically significant.
Results
Compared to the control group, we found that the arrangement of outer hair cell nuclei was normal, with no significant difference between the experimental and control groups, suggesting no disturbance of the morphology of hair cells by low dose gentamicin exposure ( Figure  1A-D) . OHC stereocilia were also normal across the control and experimental groups (Figure 2A-D) , suggesting no OHC stereocilia damage by this low dose gentamicin exposure.
RIBEYE/CtBP2 has been proposed to be a marker of synaptic ribbons [4] , and positive immunostaining puncta are known to be restricted beneath IHCs [4] . In this study, positive immunostaining puncta were below the IHCs . The mean number of RIBEYE/CtBP2 was16.12 ± 1.25 on the 4th day, 29.33 ± 3.21 on the 7th day, 19.58 ± 2.80 on the 10th day),and 15.30 ± 1.13 for the control, respectively (Table1). A significant increase was found on the 7th day after exposure compared with that of control (Table1, p<0.01). After the 7th day, the number of puncta decreased rapidly, although still significant higher than that of control (Table1, p<0.05), suggesting continued changes of number of RIBEYE/CtBP2 caused by the low dose gentamicin exposure.
The average ABR threshold was 45.54 ± 7.84 dB SPL on the 4th day, 57.16 ± 8.03 dB SPL on the 7th day, 51.59 ± 7.12 dB SPL on the 10th day, and 40.12 ± 7.32 dB SPL Changes in the number of puncta of RIBEYE/CtBP2 in comparison to the control. No significant change on the 4th day of gentamicin exposure (P>0.05); The maximal increase is on the 7th day (P< 0.01, double asterisk); The numberis reduced on the 10th day, but still significant higher than that of the control (P<0.05, signal asterisk) .n=cochleae.
for the control, respectively. The most significant increase of hearing threshold was also found to be on the 7th day after exposure compared with that of control (Table2, p< 0.01), suggesting that the low dose gentamicin exposure induced a mild hearing loss on the 7th and 10th days compared to that of the control and on the 4th day (Table2).
Discussion
Our study shows that the low dose ototoxic gentamicin exposure is unable to affect the morphology of hair cells. However, it seems to affect the plasticity of cochlear ribbon synapses and corresponding hearing function.
Cochlear IHC ribbon synapses are the first afferent nerve synapses, which are responsible for transmitting the auditory signal to the brain auditory cortex and play a crucial role in the delivery of sound frequency and intensity information [4] .Serving as the neuronal connection between IHCs and SGNs, the alteration of their structure and function control the process of auditory signal transmission. However, little is known regarding whether ototoxic exposure affects the ribbon synapse in cochlea.
It has been reported that, proteins associated with the plasticity of IHC ribbon synapses include RIBEYE, Bassoon and Piccolo [3] [4] [5] .RIBEYE is a major structural protein which may have enzyme activity for building IHC ribbon synapses. The protein contains Domains A and B, and domain B contains the entire length sequence of C-terminal binding protein 2 (CtBP2) besides twenty N-terminal amino acid [6] [7] [8] . Anti-CtBP2 antibody can recognize Domain B of RIBEYE, so as to achieve the purpose of marking the presynaptic membrane.
Since sound signals are transmitted to the brain via auditory nerve potentials, so the rearrangement and quantitative change of ribbon synapses may have a significant impact on hearing encoding [9] . Any damages applied on signal transmission between hair cells and auditory nerves can disturb the fidelity spike timing reproduction. Usually, the inner hair cell afferent innervation can change in response to noise, aging and genetic defects [10] [11] [12] . Accompanied with the process of hearing loss, the number of cochlear inner hair cell ribbon synapses will also change. For example, under normal circumstances, the average value of ribbon synapses of each IHC is 16.8 ± 2.4 in the C57BL/6J mouse cochlea, while in the presence of elevation of hearing threshold, the number of ribbon synapses is reduced and their volume increased [13] . It is notable that the number, arrangement and morphology of the OHC and IHC nuclei were unaffected at the early stage of gentamicin exposure in our study. This may be due to the low dose of gentamicin (100mg/kg) and short exposure period. Our study shows that, the number of ribbon synapses changed significantly at this stage, indicating that IHC ribbon synapses may be more susceptible to ototoxic aminoglycoside exposure compared to the nerve cells themselves. Also, our study shows a significant increase of synapse number on the 7th day after gentamicin exposure. A possible interpretation is that ribbon synapses showed an adaption at early stage of gentamicin exposure. Previous studies have reported that sensory synapses can increase or decrease the connection to adapt to stimuli from the environment by changing their numbers. For example, in the isolated aplysia sensory synaptic culture system, we have shown that treating the synaptic region with 5-HT or anisomycin led to a dramatic increase or decrease of the number of synapses [9, 14] .Synaptic characteristics of IHCs may have similarities with the aplysia sensory synapses. In our study, the number of synapses significant increased on the 7th day of continuous gentamicin exposure. It is possible that gentamicin may enhance the synaptic protein synthesis activity by stimulating the transport and storage of mRNA. The lack of difference in the synaptic number between the 4th day and control may be caused by the low dose and short term of exposure. The number change of IHC ribbon synapses was yet to appear.
In our study, the number of synapses reached to the maximum at the 7th day after ototoxic gentamicin exposure. We supposed that the synapses may play a compensatory role in response to ototoxic gentamicin effects by increasing their number.Correspondingly, hearing threshold shifts showed a similar change with the number of synapse number, likely reflecting synaptic function changes, given the supporting data from a previous study [15] .Therefore, we speculate that the function of IHC ribbon synapses is very low under this condition, despite the significant increase in the number of synapses. However, the evidence cited in this study is just the very preliminary results.Comprehensive and convincing conclusions would require a series of future studies to confirm the findings in 
Table2
Lower dose of ototoxic gentamicin exposure causes a mild hearing loss in mice ABR threshold changesCompared to the control group, the hearing threshold on the 4th day shows no significant increase (P> 0.05). Maximal elevation of hearing threshold appears on the 7th day (P<0.01, double asterisk); the hearing threshold shows a decrease on the 10th day, although still significant higher than that of the control (P<0.05, signal asterisk).n=cochleae
